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Introduction
In 2015, pneumonia was among the leading causes of child mortality in the world, responsible for an estimated 921,000 deaths of children under age five [1] . In children and adults, S. pneumoniae is the most commonly identified infectious cause of community-acquired pneumonia [2, 3] . To reduce the burden of pneumococcal disease, many high-income countries have rolled out immunization programs with pneumococcal conjugate vaccines (PCV). In December 2010, Nicaragua, became the first nation eligible for funding by the GAVI Alliance to add the 13-valent pneumococcal vaccine (PCV13) to its national immunization schedule. The vaccine was introduced using a "3+0" schedule with three primary doses provided to infants at 2, 4, and 6 months of age, but no booster dose at 12-15 months of age. By the end of 2015, 53 other GAVI-eligible nations have also introduced PCV [4] ; the majority of these nations also follow a 3+0 schedule.
Evidence to support the effectiveness of a 3+0 schedule includes a clinical trial with the nine-valent pneumococcal conjugate vaccine (PCV9) in the Gambia. In that trial, PCV9 was 37% efficacious against radiological pneumonia, and 3 to 4 years after the primary series, children receiving PCV9 had higher pneumococcal antibody titers against 3 of the 9 serotypes included in the vaccine as compared to children in the placebo group [5, 6] . Also, Australia introduced PCV7 using a 3+0 schedule in 2005 [7] and during the first 30 months of the program, observed a 38% reduction in all-cause pneumonia hospitalization rates among children under age two years. However, an immunogenicity study comparing the 3+0, 2+1, and 3+1 schedules showed that infants randomized to receive the 3+0 schedule had lower IgG titers against all pneumococcal polysaccharides at 13 months of age as compared to the 2+1 or 3+1 schedules [8] . Further, in a case-control study, a 3+1 schedule was found to be slightly more protective against invasive pneumococcal disease than a 3+0 schedule [9] .
The goal of this study was to evaluate the continued impact of a PCV13 immunization program provided in a 3+0 schedule in a Gavi-eligible nation. During the first two years (2011 and 2012) after PCV13 introduction in Nicaragua, reductions were observed in the rates of health facility visits for pneumonia among immunized age groups; among older adults, lower pneumonia-related mortality was observed, likely due in part to herd protective effects [10, 11] . Now that the program has been in place for five years, this new study re-examines these outcomes in all age groups over additional years, as well as changes in the rates of uncommon outcomes, such as pneumonia-related mortality, bacterial meningitis, and infant mortality.
Methods Setting
Data were collected between 2008 and 2015 in the Department of León, Nicaragua (official 2015 population: 410,860). Nicaragua is a lower middle income country with a per-capita gross domestic product of US$ 2,087 in 2015 [12] . The tropical climate of Nicaragua includes rainy and dry seasons; an annual peak of pneumonia cases typically occurs during the rainy season months of July to November. As in many low and middle income countries, there is little ongoing laboratory surveillance for pneumococcal disease.
Beginning on December 12, 2010, PCV13 was offered to infants at two, four, and six months of age as part of the national immunization program. During the first year of the program, a single catch-up dose of vaccine was offered to children between six and 24 months of age. PCV13 is administered as part of well child visits at all health centers and health posts. Hib vaccines were added to the pediatric immunization schedule in 1999. During all years studied, influenza vaccines were provided to children under the age of 36 months with chronic illnesses, pregnant women, and adults over the age of 50 years with chronic illnesses; in 2010, the H1N1 vaccine was offered separately from the seasonal influenza vaccine. After 2010, H1N1 was offered combined with the seasonal influenza vaccine. In addition, beginning in early 2010, adults aged 50 years and older with chronic illnesses were offered the 23-valent pneumococcal vaccine (PPSV23); in 2011, individuals aged 2 to 49 years with chronic illnesses also became eligible for PPSV23. Coverage of PPSV23 and influenza vaccines in adults > 50 years of age between 2008 and 2012 was previously reported [11] ; in 2013, 2014, and 2015, respectively, 24.3%, 20.9%, and 25.6% of adults aged > 50 years received PPSV23, and 5.6%, 12.4%, and 9.9% of adults aged > 50 years received influenza vaccines. Influenza and PPSV23 vaccines are offered through yearly vaccination campaigns.
Data collection
Counts of health facility visits for pneumonia, pneumonia-related deaths, bacterial meningitis, and infant deaths were collected by the Ministry of Health in León from public health facilities in all 10 municipalities in the Department. The 107 health facilities included a 400-bed referral hospital, 13 centros de salud (large primary care centers with several physicians on staff), and 93 puestos de salud (small primary care posts often with a single general physician on staff). Hospital admissions trended upward slightly during the years examined, with a mean of 15,095 yearly admissions prior to PCV13 introduction and a mean of 16,531 yearly admissions following PCV13 introduction.
At the hospital and centros de salud, physicians provided counts of visits with these diagnoses to the on-site health statistician, while at the puestos de salud, the physicians provided counts directly to the epidemiologist at the Ministry of Health in León. Visits were categorized as hospitalizations or ambulatory care visits; ambulatory care visits included visits to primary care centers and health posts, and visits to the emergency department which did not result in hospital admission. Outside of public health facilities, the Ministry of Health estimates that 10% of the population receives care in private health facilities.
Separately, counts of deaths attributable to pneumonia were collected from the Office of Vital Statistics in the Department of León. Any pneumonia-related deaths that were reported to the Office of Vital Statistics, but were not captured by the health facilities were added to the total numbers of pneumonia-related deaths. This study of deidentified data was approved by the Institutional Review Board of the University of North Carolina at Chapel Hill.
Assignment of diagnosis codes
In the hospital setting, diagnoses were assigned at the time of admission by the hospital physician in charge of the admission. For patients treated in the emergency department without hospitalization, diagnoses were assigned by the emergency department physician treating the patient. Physicians were trained to use the definition of pneumonia defined in the Ministry of Health's Guide to the Management of Common Infectious Diseases in Childhood and Malnutrition (p. 81) [13] for children, and in the Management Protocol of Common Medical Problems in Adults (p. 72) [14] , as an infectious syndrome including constitutional and respiratory symptoms, present with physical exam findings of consolidation, with confirmation of infiltrate on chest radiograph. Clinical guidelines for both children and adults require that patients hospitalized for pneumonia receive a chest radiograph. Physicians were trained to use the following definition of bacterial meningitis (p.170) [13] : physical exam findings of nuchal rigidity (positive Kernig or Brudzinski signs), petechiae or purpura, change in mental status (including lethargy or irritability), or signs of increased intracranial pressure (such as bulging fontanelle in infants) together with greater than 1,000 leukocytes/μL of cerebrospinal fluid with a predominance of polymorphonuclear leukocytes. While physicians were trained to use the above definitions, the final assignment of diagnosis is based on the treating physician's clinical judgement.
If a patient dies of pneumonia in any health facility, a report of a pneumonia-related death is recorded. For any death occurring outside of any health facility, a team including a Ministry of Health physician, the state epidemiologist, and the local medical provider investigate and assign the cause of death.
We also examined infant deaths without a reportable cause to potentially capture deaths due to undiagnosed pneumococcal infections in this low resource setting. We did not include infant deaths with a reportable cause (including pneumonia, diarrhea, dengue, tuberculosis, leptospirosis, HIV, child abuse, homicide, motor vehicle collision, poisoning) in this sum to avoid double counting infant deaths (in the case of pneumonia), and to exclude causes of death which clearly did not result from pneumococcal infection.
As a comparison diagnosis that should not be affected by PCV13 introduction, we examined changes in health facility visits for diarrhea, which physicians were trained to define as an increase in stool frequency and volume to three or more stools within a 24 hour period (p.127) [13] . The rotavirus vaccine was first introduced in 2006, and coverage was high and remained constant during the years studied (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) . In addition to the diagnosis code, each report includes the patient's gender, age group, the week and year of the visit, and the patient's municipality of origin.
In the primary care centers and health posts, visit diagnoses are assigned by the physician treating the patient. Pneumonia is diagnosed using the same definitions as in the hospital setting, with the exception that chest radiography is rarely accessible in the community, and therefore, the diagnosis relies primarily on physical exam findings. Counts are provided to the Department's epidemiology office, where they are maintained in an electronic database. As in the hospital setting, each report includes the patient's gender, age group, the week and year of the visit, and the patient's municipality of origin.
Population estimates
The Ministry of Health provides official population estimates for each municipality in León by age group and year. The total official population in 2015 for the Department of León was 410,860. These estimates are based on the national census, conducted by the Nicaraguan Institute of Development Information; the last census was conducted in 2005. Population estimates for subsequent years are projected using data from birth certificates, school enrollment, and death certificates [15] .
PCV13 coverage
The Departmental Office of the National Immunization Program maintains data on immunizations administered by age group and year for PCV13. By the end of 2011, 63% of infants had received three doses of PCV13 (range by municipality: 49% to 71%) and 87% of one year-olds had received a catch-up dose of PCV13 (range by municipality: 68% to 100%). In 2012, 97% of infants had received three doses of PCV13 (range by municipality: 80% to 100%) [10] and since 2012, high coverage has been maintained, with a range of 89% to 100% by municipality.
Statistical analyses
Annual incidence rates of pneumonia hospitalizations, ambulatory visits for pneumonia, pneumonia-related mortality, bacterial meningitis, and infant mortality were estimated from 2008 to 2015. Our primary focus was on infants and one year-olds (children aged 12 to 23 months), as these age groups in Nicaragua have a high burden of pneumococcal disease, and were also eligible to receive PCV13 during the years studied.
We first extracted numbers of health facility visits for pneumonia between January 2005 to December 2015 and calculated the numbers of visits by week to examine trends in pneumonia visits during the past decade. Due to a change in health care policy that reduced the cost of health care visits beginning in 2007, for further analysis, the time period was limited to 2008-2015. Numbers of health facility visits for pneumonia, pneumonia-related deaths, bacterial meningitis, and infant deaths were examined. Counts of hospital admissions for pneumonia were retrieved from the hospital epidemiology database. Emergency department visits that did not result in hospital admission were categorized as ambulatory visits, in addition to visits to primary care centers or health posts.
Incidence rates of pneumonia hospitalizations, ambulatory visits for pneumonia, pneumonia-related mortality, bacterial meningitis, infant mortality, and corresponding 95% confidence intervals (CI) in the vaccine and pre-vaccine periods were estimated using generalized estimating equations (GEE), to allow for correlation of individuals living within a municipality. Exposure time was estimated by official municipality population estimates for each calendar year and age group.
Incidence rates were compared in the years after vaccine introduction to the years before introduction. For individuals under age 50 years, we defined "pre-vaccine", as 2008-2010, and "vaccine" as 2011-2015, as PCV13 was introduced in December 2010, and therefore, the vaccine's impact could first be measured in 2011. For older age groups, we dropped 2010 from the analysis as a transitional year, since PPSV23 was offered to individuals with chronic diseases in early 2010, and pediatric PCV13 was introduced in late 2010. As a comparison diagnosis, we examined incidence rates of all health facility visits for diarrhea over the same years studied above. Incidence rate ratios (IRR) and 95% CI were also estimated using GEE for the vaccine period as compared to the pre-vaccine period. In these analyses, we controlled for municipality as categorized into one of three groups: 1) urban (León municipality), 2) peri-urban (municipalities that border León municipality), and rural (municipalities that do not border León municipality), to account for distance from a patient's home municipality to the hospital (located in León municipality) and potential differences in care seeking and immunization coverage by municipality category.
Results

Health facility visits for pneumonia
Between 2005 and 2015, the total numbers of health facility visits for pneumonia by week for infants and one year-olds are shown in Fig 1. 
Ambulatory visits for pneumonia
The numbers of ambulatory visits for pneumonia in the pre-vaccine and vaccine periods by age group are shown in Table 1 . Incidence rates of ambulatory visits for pneumonia by year for infants and one year-olds are shown in Fig 2. The estimated IRRa for ambulatory visits for pneumonia in the vaccine period as compared to the pre-vaccine period was 0.84 (95% CI: 0.74, 0.96) among infants, and 0.82 (95% CI: 0.70, 0.96) among one year-olds. The estimated IRRa for ambulatory visits for other age groups are shown in Table 2 . Note that the total IRR estimate is less than each age group specific IRR estimate; in general this type of result can occur because the rate ratio is not collapsible [16] .
Pneumonia hospitalizations
The numbers of pneumonia hospitalizations in the pre-vaccine and vaccine years are shown by age group in Table 1 . Incidence rates of pneumonia hospitalizations by year for infants and one year-olds are shown in Fig 3. The estimated IRRa for pneumonia hospitalizations was 0.70 (95% CI: 0.66, 0.75) among infants, and 0.92 (95% CI: 0.85, 0.99) among one year-olds. IRRa for other age groups are shown in Table 2 .
Health facility visits for diarrhea
As a comparison diagnosis, we include IRRa estimates for health facility visits for diarrhea in the same years examined above ( Table 1 ). The estimated IRRa for health facility visits for diarrhea was 1.25 (0.93, 1.67) among infants, and 1.34 (0.98, 1.83) among one year-olds. In the population as a whole, there was a significant increase in the incidence rate of diarrhea visits in the vaccine period as compared to the pre-vaccine period (Table 2) .
Pneumonia-related mortality
The numbers of deaths attributed to pneumonia by age group are shown in Table 1 . Changes in pneumonia-related mortality in the vaccine vs. the pre-vaccine period (IRRa) are shown in Table 3 . In this table, age groups were categorized as young child (0 to 4 years), child (5 to 14 years), adult (15 to 49 years), and older adult (! 50 years), due to low numbers of events. Overall pneumonia-related mortality in the population was lower in the vaccine period as compared to the pre-vaccine period (IRRa = 0.81 [95% CI: 0.76, 0.86]), but did not change significantly for children. As compared to the pre-vaccine period, pneumonia-related mortality was lower in the vaccine period for adults aged 15 
Bacterial meningitis
The numbers of hospitalizations for bacterial meningitis by age group are shown in Table 1 . The IRRa of bacterial meningitis by age group are shown in Table 3 . Overall, bacterial meningitis was a rare occurrence. There was a significant reduction in bacterial meningitis in the vaccine period in the population as a whole (IRRa = 0.24 [95% CI: 0.12, 0.50], and among those aged 5 to 49 years.
Infant mortality
In the pre-vaccine period there were 339 total infant deaths without a reportable cause in León among 20,850 live births recorded between 2008 and 2010. Of these infant deaths, 263 were among neonates and 76 were among infants aged 1 to 11 months. In the vaccine period there were 422 infant deaths among 40,037 live births recorded between 2011 and 2015. Of these infant deaths, 301 were among neonates and 121 were among infants aged 1 to 11 months. The incidence rate of infant deaths without a reportable cause between 2008 and 2015 is shown for neonates and infants aged 1 to 11 months in Fig 4. The IRRa for infant deaths Changes in pneumonia incidence following PCV13 introduction in a "3+0" schedule Table 1 . Numbers and incidence rates of health facility visits for pneumonia, pneumonia-related deaths, and bacterial meningitis cases in the pre-vaccine and vaccine periods in Leó n, Nicaragua. 
Discussion
During the first five years of a pediatric PCV13 immunization program using a 3+0 schedule which attained high coverage, there were reductions in hospitalizations and ambulatory visits for all-cause pneumonia among immunized age groups. Infants experienced a 30% reduction in the incidence of pneumonia hospitalizations in the vaccine period as compared to the prevaccine years. This reduction was similar to that reported among children under two years of age in Australia after introduction of PCV7 also in a 3+0 schedule [7] , and in the US after introduction of a "3+1" schedule, with doses of vaccine provided at 2, 4, 6, and 12-15 months of age [17] . However, among one year-olds in our study, the reduction in the incidence of pneumonia hospitalizations was not as substantial as compared to infants, estimated at 8%. In comparison, a study of all-cause pneumonia hospitalizations in Uruguay following introduction of a PCV7/PCV13 immunization program in a "2+1" schedule (doses provided at 2, 4, and 12 months) found similar reductions in all-cause pneumonia hospitalizations among infants and one year-olds (52% and 54%, respectively) [18] . In Nicaragua, it is possible that the lack of a booster dose after the primary series may be responsible for decreased duration of https://doi.org/10.1371/journal.pone.0183348.g002
Changes in pneumonia incidence following PCV13 introduction in a "3+0" schedule protection in the 12 to 23 month old age group. This hypothesis is supported by evidence of decreased anti-polysaccharide IgG titers in the second year of life among children who received PCV in a 3+0 schedule, as compared to a 2+1 or 3+1 schedule [8] . Further investigation is warranted to understand whether the small reduction in pneumonia hospitalizations observed in the 12 to 23 month age group could be attributed to the 3+0 schedule. If the 2+1 schedule is found to provide better protection to one year-olds, the greater effectiveness of the schedule must be weighed against potential differences in vaccine coverage for the third dose between the two schedules. While we did not observe a reduction in pneumonia-related mortality among young children, it is probable in this setting that some pneumonia-related deaths among infants were instead categorized as infant deaths. Infant mortality was substantially lower in the vaccine period, as compared to before PCV13 introduction. Upon examination of the distribution of infant deaths, similar reductions were observed in neonates as in infants aged 1 to 11 months. While pneumococcal disease does occur in neonates [19, 20] , any change in neonatal mortality due to PCV13 would be due to indirect rather than direct effects. It would be more likely that PCV13 would have an effect on infant deaths in the post-neonatal age group.
There were substantial reductions in pneumonia-related mortality among adults. For example, adults aged 50 years and older experienced a 42% lower incidence of pneumonia-related deaths in the vaccine period as compared to the pre-vaccine period. This reduction may be in due in part to indirect effects from the pediatric PCV13 immunization program, as was observed among older age groups in the US following PCV7 introduction [21] . In addition, the simultaneous introduction of a PPSV23 immunization program for those with chronic illnesses could also be contributing to these reductions, although coverage of PPSV23 among the overall population of older adults was low [11] and there is not clear prior evidence that PPSV23 reduces mortality in adults [22] .
Hospitalization for bacterial meningitis was rare in the population, possibly due to low access to laboratory diagnostic testing. Despite overall low rates of bacterial meningitis, all IRRa estimates show a decreased incidence of bacterial meningitis in the vaccine period as compared to the pre-vaccine period, with statistically significant decreases observed for those Changes in pneumonia incidence following PCV13 introduction in a "3+0" schedule aged 5 to 49 years. A decrease in the incidence of bacterial meningitis has been observed in both high and low income countries following PCV introduction [23, 24] .
Limitations of this study include that there was not laboratory surveillance in this setting to determine whether cases of pneumonia and bacterial meningitis were due to S. pneumoniae or other pathogens. However, since S. pneumoniae is a common cause of these infections in both adults and children [25, 26] , a substantial reduction of the portion due to S. pneumoniae is likely to be detected in the all-cause incidence of these infectious syndromes. Laboratory surveillance conducted in other Latin American countries showed that PCV13 would cover between 77% and 88% of the serotypes causing invasive pneumococcal disease in the region [27] . Finally, as with any observational study, we cannot prove that reductions observed were due to the vaccine, and not to other factors that differed in the two time periods, for example, changes in access to health facilities over time. To investigate this further, we estimated incidence rates of health facility visits for diarrhea, which would not be affected by the introduction of PCV13. We found that diarrhea visits actually increased in the vaccine years, which may indicate an increased incidence of diarrhea, or that access to health facilities improved over time. If the latter is true, then our estimates of changes in health facility visits for pneumonia may be conservative. In summary, five years following introduction of a pediatric PCV13 program in a 3+0 schedule, there were substantial reductions observed in health facility visits for pneumonia in immunized age groups and infant mortality, which would be hard to achieve with any other single public health intervention. In the population as a whole, reductions were observed in pneumonia-related mortality and rates of bacterial meningitis following PCV13 introduction. https://doi.org/10.1371/journal.pone.0183348.g004
Changes in pneumonia incidence following PCV13 introduction in a "3+0" schedule Future study is warranted to better understand the effectiveness of the 3+0 schedule in the 12 to 23 month age group, who carry a high burden of pneumococcal disease.
